The standard normalized amplitude ratio commonly used for marine CSEM data does not give a reliable and consistent diagnostic reservoir signature since it may give inconsistent readings in different water depths. This ratio only uses electromagnetic field amplitudes. Here a modification of the normalized amplitude ratio is proposed that includes both the amplitude and the absolute phase of the electromagnetic fields. This ratio behaves consistently at all water depths. In particular, it can be used in very shallow water. Frequency-domain CSEM in water depths of 40 m or less can give anomalous responses that can be detected and interpreted reliably by this simple method. The presence of a reservoir may modify the phase more than the amplitude in such shallow water depths. With the modified normalized amplitude ratio this phase change is transformed to an anomalous amplitude. By combining the up/down decomposition process with the modified normalized amplitude ratio, the sensitivity to subsurface resistors in very shallow water is enhanced.
Introduction
Marine controlled-source electromagnetic surveying (CSEM) or Sea Bed Logging (SBL) is now an established technique for hydrocarbon exploration Ellingsrud et al., 2002; Srnka et al., 2006) . Marine CSEM methods use an electric dipole to probe the subsurface. The technique has proven to be particularly useful for detecting thin highly resistive layers characteristic of the geometry of hydrocarbon reser voirs. The electric and magnetic receivers are placed on the seabed and the electric dipole transmitter is typically towed at an elevation of 30 m. The method was originally viewed as a deep water technique because of the strong contribution to the electromagnetic field due to the air-water interface in shallow water depths.
The amplitude of this contribution may be so large that a potential reservoir response can be hard to identify with simple methods in a frequency-domain CSEM experiment (Um and Alumbaugh, 2007; Weiss, 2007) . It has been recognized that inversion may help to solve the shallow water problem (Mittet et al., 2004; MacGregor et al., 2006) , but the lack of a simple method to obtain a diagnostic reservoir signa ture in shallow water is the main reason why few marine CSEM surveys have been conducted in water depths of less than 200 m. This paper proposes a simple method to obtain such a diagnostic reservoir signature that also works in very shallow water. The method requires that good amplitude data and the proper absolute phase (Mittet et al., 2007) of the electromagnetic field are both measured. This requirement can be met with modern marine CSEM data acquisition systems.
The airwave should not be viewed simply as energy propagating from the transmitter up to the air-water interface, along this interface and back down to the receiver. As and large offsets indicates strong back-scattering effects that are consistent with a resistive object in the subsurface and is commonly used as a hydrocarbon indicator.
The normalized amplitude response works satisfactorily for interpretation of CSEM data acquired in deep water, but is unsatisfactory for data acquired in shallow water. One par ticular weakness is that it does not include the phase information. The following indicates that phase information is crucial in order to identify resistive objects by simple techniques. The measurement of the absolute phase requires synchronous clocks on both the source and receiver sides. The non-trivial part is related to the clock on the receiver side because it is autonomous during data acquisition. The receiver has limited battery capacity. A clock with low drift can be obtained by keeping it at constant temperature, but this is too costly in terms of power consumption. Thus, drift compensation must be performed by calibration procedures. These procedures are now sufficiently accurate that data with reliable abso lute phase information are available. It is well known that a buried resistive layer may modify the phase of the electromagnetic field independent of water depth. The point made here is that it is important to exploit this phase modification in shallow water where amplitude modifications are small, and that interpretation may be improved by unifying amplitude and phase modifications into one parameter that can be used as a hydrocarbon indicator.
Interpretation methods based on normalized amplitudes are valuable since they are simple and give fast indications of subsurface resistivity variations. The normalized amplitude ratios should not be used as the only way to interpret CSEM data. It is very important that additional methods based on forward modelling and inversion are used in order to interpret marine CSEM data re liably. However, even a simple method must have internal con sistency in such a way that interpretation is similar for all water depths. The simple modification of normalized amplitude ratios that is proposed here includes phase information. The result is a normalized amplitude ratio that is always larger than unity for a subsurface resistive object when the on-target data are normalized by off-target data recorded over a subsurface without highly resistive objects. The magnitude of this modified response is sufficiently large to provide reliable interpretation even in water depths of 40 m or less. The magnitude can be increased further by the process of up/down decomposition (Amundsen et al., 2006) .
Normalized amplitudes
The shallow water problem is studied here using a planelayer approximation as used by Weiss (2007) . The modelling scheme has been described by Løseth and Ursin (2007) . This scheme can model anisotropic electromagnetic data, but it is only isotropic results that are used in the following. The electromagnetic responses from six different models are used. Two types of reservoirs are considered, one which is filled with hydrocarbons and one which is filled with brine. For pointed out by Nordskag and Amundsen (2007) and by Andréis and MacGregor (2008) , the airwave is a multiple scattering phenomenon where water-layer reverber ations must be included. The importance of these water-layer reverberations increases in very shallow water since multiple reflections in the water layer without strong attenuation can be expected.
The upper limit for what is considered shallow water has been reduced as the number of marine CSEM surveys has increased. Before the first survey over the Troll Western Gas Province in 2003 (Johansen et al., 2005) , water depths less than 800 m were generally considered to be shallow. The water depth at Troll is approximately 300 m. The anomaly in the electric and magnetic fields due to the Troll reservoir could be seen directly by plotting the normalized amplitude response. The normalized amplitude response is the electric (or magnetic) amplitude as a function of offset divided by the electric (or magnetic) amplitude of a reference receiver that is not over the reservoir. A value above unity for intermediate will not be well developed in that case, and the problem will require a separate analysis.
Models from the seabed downwards will be explained first. The top layer is 1500 m thick. It is underlain by a reservoir layer which is 50 m thick. Finally, there is a half space at the bottom. The resistivity in the top layer is 1 Ωm and the resistivity in the half space is 1.5 Ωm. The resistivity of the reservoir layer is either 1.25 Ωm, in which each reservoir type, there are three water depths corresponding to deep water, intermediate water, and shallow water. The reported examples are typical in the sense that the results are similar if subsurface resistivity models, reservoir depths, and frequencies are varied within the limits that are commonly encountered in marine CSEM surveys. An exception is thick 3D targets where the lateral extents are comparable to the burial depth. The guided wave in the reservoir/resistor from the time domain to the frequency domain. Strong magnetotelluric (MT) noise is not accurately described by this model. However, the importance of introducing the noise in this study is to avoid false interpretations due to unrealistically small amplitudes in the synthetic data. Thus, the noise seen in the plotted synthetic data is not due to numerical artefacts in the modelling scheme, but has been deliberately added to the modelled electromagnetic fields.
The noise level is the same for all models. The examples shown here are for 0.25 Hz. The resulting noise floor for the electric data from the added noise is at approximately 10
, which is representative for real data but actually at the high end of what is achievable in deep water with the receivers available today. The pure instrument noise can be assumed to be independent of water depth, but there may be additional noise sources due to MT effects and water currents in shallow water. The noise floors for recent surveys at water depths of 300 m and 100 m are in the range 1-2×10
The survey at 300 m water depth was performed in the Norwegian North Sea with potentially large MT contributions, whereas the 100 m shallow water survey was performed in Southeast Asia where MT effects can be assumed to be smaller.
The amplitude levels are generally much larger in shallow water. Real data recorded in shallow water can appear noise-free in the absence of strong MT fields. The reason is that the airwave contributions keep the fields well above the noise floor of the instruments even at very high offsets. In deep water, the noise will be most visible for a formation which has little back-scattering. This applies to the electromagnetic fields which are commonly used as reference data in normalization procedures.
A reservoir signature that is frequently used is the normalized amplitude. The reasoning is that the amplitude of the electric field is higher if the data are recorded over a formation with a resistive layer (potential hydrocarbonbearing reservoir layer) than over a formation with no strong resistor. In terms of the models and fields described above, this is the ratio R 0 , given by (1) This ratio is plotted for the deep, intermediate and shallow water models in Figure 2 . In the deep water case (black curve), the anomalous effect is clearly visible. The normalized amplitude increases monotonically from approximately 2.5 km and up to the maximum source-receiver offset of 10 km. The noise has a clear effect above 8.5 km but a value of at least 10 for R 0 is interpretable at this offset. This is a strong signature. Analyses of many real datasets have taught us that even an R 0 value as low as 1.2 may be viewed as a reliable reservoir response if it is persistent over several receivers. In the intermediate and the shallow water depth cases, the interpretation case the resulting inline electric field is denoted E x Bck (x, w), or 100 Ωm, in which case the inline electric field is denoted E x
Res (x, w) Here x denotes the source-receiver offset and w denotes angular frequency. The deep water model has a water layer of 2000 m. This model is illustrated in Figure  1a . The intermediate water depth model has a water layer of 300 m and is shown in Figure 1b . The shallow water model shown in Figure 1c has a water layer of 40 m. The water layer resistivity is 0.3 Ωm. The transmitter elevation is 30 m for all water depths. The resulting electric and magnetic fields are normalized with the source dipole moment.
Noise is added to the data. The noise distribution is close to random. The added noise will influence both amplitude and phase. There is a weak correlation from one offset to the next, an effect which can be present in real data depending on the time windows used for transforming the raw data 
Note that whereas R 0 = 1 for the case where A Res = A Bck = A, indicating no anomalous response, it may be that |DE x (x,w)| differs from zero, indicating an anomalous response. In the particular case of equal amplitudes at a given offset,
Thus, if reliable phase measurements are available, an anomaly can be de tectable if the hydrocarbon reservoir introduces a phase shift in the data. This statement is valid even if amplitudes are of similar size for the hydrocarbon and no-hydrocarbon scenarios, as can be seen in Figure 3e and f. The am plitudes are equal at approximately 4 km offset, but there is a 30° separation in phase. This is equivalent to a 50% anomalous response if it is defined as (7) in terms of an anomalous amplitude that is consistently larger than unity is no longer possible. The shallow water anomaly (blue curve) does not exceed an amplitude of 1.1 at any offset, and is mostly less than unity. This curve has the same qualitative behaviour as might be observed for a buried conductor in deep water with a small positive bump at intermediate offsets and an amplitude less than unity for large offsets. The amplitudes and phases for the three water depths are plotted in Figure 3 . The black curves are for E x Res and the green curves are for E x Bck . For the deep water case the E x Res amplitude stays above the E x Bck amplitude at all offsets (Figure 3a) , but for the intermediate and shallow water depths the amplitudes for the hydrocarbon-filled and brine-filled reservoirs are close in magnitude and the E x Res field even drops below the E x Bck field in amplitude (Figure 3c and e). There seems to be a destructive interference effect between the airwave-induced fields and the reservoir-induced fields that prohibits a simple interpretation in terms of an increased normalized amplitude effect due to the resistive reservoir.
However, not everything works against marine CSEM surveys in shallow water. A different anomaly measure is of the data-residual type,
This is a misfit measure that is commonly used in inverse schemes, the only difference being that E x Bck is replaced with synthetic data for a given iteration number. As demonstrated below, with this type of residual an inverse scheme will exploit both amplitude and phase information in the data. The absolute value of the misfit, |DE x (x,w)|, for the three different water depths is plotted in Figure 4 . Here the shallow water case shows the largest amplitude anomaly (blue curve) and the deep water case shows the smallest amplitude anomaly (black curve). This is the opposite of what is observed in Figure 2 , and at first glance seems to be in conflict with the previous results. It is not. The data residual in Equation (2) 
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The R 0 curve here is the same as the black curve in Figure 2 . The R 0 ratio is satisfactory for interpretation in deep water, but gives ambiguous results in intermediate and shallow water. The measurement of the absolute phase for the electromagnetic fields has been a problem for many marine CSEM systems. The R 0 ratio has probably survived up to now because it does not require the absolute phase of the fields for calculation. As greatly improved timing is now available for some marine CSEM systems, the R 1 ratio can be used as a diagnostic reservoir signature at all water depths. It is possible to increase the R 1 ratio, and hence sensitivity in shallow water, if magnetic data are also available. This can be done by the process of up/down decomposition.
Normalized amplitudes after up/down decomposition
Decomposition in up and downgoing modes (Amundsen et al., 2006) is possible if the crossline magnetic field, H y (x, w), is available in addition to the inline electric field, E x (x, w). The decomposition is very simple if the fields are approximated as vertically propagating at the receiver location. This is normally a fair approximation for source-receiver offsets above 3 km (Amundsen et al., 2006) . The upgoing electric field just below the seabed is (10) where Z(w) is the characteristic (plane-wave) impedance for the top of the formation at the receiver position. The simulated magnetic data were also contaminated with random noise so that the resulting upgoing data have noise contributions from both electric and mag netic data.
Up/down decomposition is sometimes confused with surface-related multiple elimination (SRME) (Verschuur et al., 1992; Weglein et al., 1997) which can remove the effect of a half space such as the air layer for marine CSEM. In However, I now define a new normalized amplitude response R 1 as (8) which can be compared with R 0 expressed as (9) Note that R 1 is always equal to or larger than unity. That is not the case for R 0 which may go below unity. An R 1 value above unity indicates high subsurface resistivity if the normalizing field, E x Bck , is representative for a low resistivity subsurface. The coupling between the air layer and the resistor increases with reduced water depth. The coupling is such that the inline electric field residual, as defined in Equation (2), increases with reduced water depth as can be seen in Figure 4 . This effect increases the possibility for direct identification of a resistive body in shallow water. The R 1 ratio takes advantage of this fact, whereas the R 0 ratio does not.
Ratios R 0 and R 1 for the shallow water depth case are plotted in Figure 5 . The black curve is R 0 and is the same curve as the blue curve in Figure 2 . The green curve in Figure 5 is R 1 . The magnitude of R 1 is sufficiently large to make a reliable identification of the resistor even with a water depth of 40 m. Figure 6 shows the ratios R 0 (black curve) and R 1 (green curve) for the intermediate water depth model. The black curve here is identical to the green curve in Figure 2 . Also, for this water depth R 1 has a value that is significantly larger than unity due to the resistive layer, and is a better parameter to use for interpretation than R 0 .
The deep water case is shown in Figure 7 with R 0 as the black curve and R 1 as the green curve. The R 1 ratio is close to, but slightly larger than, the R 0 ratio for deep water. Figure 12 . No time or phase adjustments are applied to these data after standard instrument cali bration procedures. The black lines show the amplitude and phase for a receiver over the reservoir. The green curves show the amplitude and phase for a receiver off target. The water depth is approximately 300 m. The formation resistivity is between 2 and 3 Ωm. The reservoir depth is less than 1100 m below the mudline. The reservoir thick ness is 100 m and the reservoir resistivity is approximately 150 Ωm.
The real data have a much stronger reservoir response than the synthetic intermediate water depth case described above which has a deeper buried, less resistive, and thinner reservoir. In fact, the real data case is much more favourable than the synthetic data case in terms of detection using marine CSEM.
principle, SRME applied to a dataset acquired in shallow water will transform the electromagnetic fields such that they appear as if they had been acquired in deep water. Up/down decomposition on a dataset acquired in shallow water will not remove all the cou pling effects between the air layer and the resistive reservoir layer. This coupling can be very strong, as observed in Figure 4 . Several SRME procedures have up/ down decomposition as a first step. However, even with these limitations, the up/down decomposition process performed below the seabed removes a significant part of the airwave contributions. The resulting upgoing electric fields can be used to form an R 1 ratio as in Equation (8) which again can be used as an indicator for high resistivity in the subsurface. Figure 8 demonstrates the effect of up/down decomposition in deep water. The black curve is the R 1 ratio before up/down decomposition and is identical to the green curve in Figure 7 . The green curve is the R 1 ratio after up/down decom position. As observed, the effect of the up/down decomposition is small. This is expected since there is not much airwave to remove from the deep water data.
However, the effect of up/down decomposition is significant for the intermediate water depth case (Figure 9 ). The black curve is the R 1 ratio before up/down decomposition and is identical to the green curve in Figure 6 . The green curve is the R 1 ratio after up/down decomposition. The R 1 ratio for the upgoing electric field reaches values which are comparable to the deep water case at large offsets. There are large airwave contributions which are removed by up/ down decomposition at a water depth of 300 m. It is also clear from Figure 9 that the noise becomes visible after the removal of this large airwave component, but not to the extent that it overshadows the increased sensitivity.
The effect of up/down decomposition is significant also for shallow water. Figure 10 shows R 1 ratios before (black curve) and after (green curve) up/down decompo sition. The black curve is identical to the green curve in Figure 5 . The R 1 ratio after up/down decomposition shows different behaviour in shallow water than in intermediate and deep water. The curve does not increase monotonically with offset, but shows a clear peak in anomalous response between 6.5 and 7 km offset. The most probable reason for this behaviour is that fairly large airwave effects are still present in the upgoing fields at large offsets. As an example, energy that has first interacted with the water-air interface before interacting with the reservoir is present in the upgoing field and is not removed by the up/ down decomposition. However, the up/down decomposition improves sensitivity also in the shallow water case.
As already mentioned, few CSEM surveys have been performed in shallow water and access to data from a calibration survey in shallow water was not available. A real data case from a calibration survey in intermediate water depths is shown in Figure 11 . This example serves to demonstrate the accuracy of phase measurements and the effect of up/down decomposition. The reservoir anomaly is so strong that there is only a small difference between the standard and modified normalized The R 0 ratio in Figure 11 is plotted in black. The R 1 ratio is the green curve. For this case the R 1 ratio is very similar to the R 0 ratio except at high offsets where the R 1 ratio has higher amplitude. Both ratios give clear indications of a strong subsurface resistor. The up/down decomposed R 1 ratio is the blue curve. The sensitivity is now clearly improved at intermediate and high offsets. This effect is similar to the behaviour seen in Figure 9 .
Conclusion
When CSEM data are acquired in shallow water and on-and off-target electric or magnetic fields are compared, a subsurface resistive object may not influence the amplitude of the fields measured at the seabed significantly. For certain sourcereceiver offsets, it may even be observed that the off-target field amplitude is larger than the on-target field amplitude. The standard normalized amplitude ratio is a poor diagnostic tool in this situation, since it drops below unity and in general does not have consistent behaviour as a function of water depth.
Even if the amplitude variations due to a subsurface resistor are small in shal low water, the modification of the absolute phase can be large. This effect must be included in a simple diagnostic tool for subsurface resistors. Here a modified normalized amplitude ratio has been introduced that incorporates both amplitude and phase information and is consistent for all water depths. In particu lar, analyses of synthetic data indicate that this ratio can give reliable results even for water depths of 40 m or less. The sensitivity can be increased further if up/down decomposed data are used in this modified normalized amplitude ratio. Normalized amplitude ratios are useful since they are fast and easy to produce. They can give an early indication of subsurface resistivity anomalies. Proper data interpretation requires more advanced methods based on modelling and inversion.
